Abstract: A reverse design method has been applied to partial core transformers. Three sample transformers were built and then tested under liquid nitrogen (N2) conditions. The measured results were compared to model calculated values and the differences used to modify the reverse design model in order to more accurately determine the calculated equivalent circuit parameters. A fourth transformer was then designed, built and tested. The measured performance of ths transformer confirmed the validity and accuracy of the model, and showed the usefulness of the reverse design approach.
Introduction
Equivalent circuit modelling has been widely used in designing transformers. Recently, a reverse design transformer model has been introduced [I] , which derives circuit components from the characteristics and dimensions actually used to build transformers. Physical characteristics and dimensions of the windings and core are the specifications. By manipulating the amount and type of material actually to be used in the construction of the transformer, its performance can be determined. Such an approach lends itself to designing transformers using what is available from suppliers. This is essentially the opposite of the conventional design approach.
This approach offers much flexibility in designing to user performance criteria and, for the transformers studied, has shown improved accuracy in predicting performance as compared to the conventional transformer modelling approach [2] . While transformer manufacturers may well have more accurate modelling techniques, these are likely to be custom designed rather than what is freely available in the public literature.
Ths reverse design approach has since been applied to partial core transformers [3], where the return yokes and h b s of a full core transformer have been removed. Partial core transformers are being studied because the size of their core can be dramatically reduced albeit by an increase in winding turns. The combination gives better magnetisation than a coreless transformer and maintains the leakage flux at an acceptably low level. The combination also means that the overall weight of the partial core units is significantly reduced, and they are easier to manufacture. [4] . The resistivity of metals, in particular copper and aluminium, is temperature dependent. The copper losses in liquid nitrogen filled full core transformers have been found to be approximately 30% of that of traditional oil filled full core transformers [5] . But, while the overall losses have been decreased, the efficiency of the liquid nitrogen generator is such that the combined transformer/generator e aciency is worse than that for oil insulated transformers. Moreover, the electrical and mechanical breakdown strengths of selected insulation are of the same order, if not better, under liquid nitrogen as compared to oil impregnated insulation [q. No further specific information in the literature has been found regarding the effect of the temperature change to other parameters.
In this paper, partial core transformers are operated in liquid nitrogen to determine their characteristics at a different operating temperature. This is a necessary stage in the development of a partial core superconducting transformer, which may give rise to an overall transformedgenerator efficiency comparable to oil filled transformers. primary winding inside the secondary winding. This was a convenient arrangement for the intended use of the transformers. The yokes and limbs, which usually form the rest of the core in full core transformers, are not present.
The nominal ratings of three partial core transformers for normal operating temperatures and their physical dimensions and material characteristics are listed in Table 1 . Transformers 1 and 2 were arc welders designed for high secondary load current (= 1OOA) applications, each operated at a different supply voltage. Transformer 3 was a prototype 1 : 1 isolating transformer.
The relative permeabilities of the steel are estimates of open circuit rated values. For design purposes they are considered constant.
To further investigate the precision of the model developed in [3] , the performance of the three partial core transformers was measured by immersing them in liquid nitrogen.
Open circuit and short circuit tests were carried out on the transformers. The open circuit tests were carried out at rated primary input voltages, while short circuit tests were carried out at rated input currents. The test details are shown in Table 2 . The open circuit and short circuit tests results, calculated for the transformers using the reverse design method, are also presented in Table 2 for comparison. It can be seen that the reactive components X, and Xlrak do not alter significantly. Therefore, changes in the operating temperature of the transformers have a negligible effect on the reactive components. This is an expected result. However, the core loss component R, is notably different between the calculated and measured values, thus a better calculation is required to account for low temperature operation. Moreover, while it can been seen from Table 2 that the calculated and measured values of the combined winding resistance R,,,ind appear to be in close agreement, this is misleading. The resistivity of copper wire at low temperatures is different from that calculated using conventional formulae and also the actual wire temperature will be hgher than the immersion liquid temperature.
I Effects of temperature changes on the
R,vjnd is a combination of the primary and secondary winding resistances (RI and R2), referred to the primary, This is depicted in the equivalent circuit model in Fig. 2 [7] .
Fig. 2 Transjormer equivalent circuit, refirred to primary winding
R, and R2 can be calculated using: 1 R = p -A where p = resistivity of the conductor 1 = length of the conductor A = cross-sectional area of the conductor The resistivity of a given conductor varies with its temperature. Consequently, by immersing the transformers into liquid nitrogen (77 K or -196"C), the windings' resistivities drop significantly. In [2], the operating resistivity at temperature 7°C is given as:
where Ap = thermal resistivity coeficient p200c = material resistivity at 20°C. For a copper conductor, the resistivity at 20°C is 1.76 x lksQm, and Ap = 0.0039 x 10-8QI11/oC. Using eqn. 2, the corresponding resistivity at -196°C is calculated to be 3.85
A plot of the copper resistivity against temperature is found in [SI. A portion of this plot, between -203°C (70K) and 127°C (400K) is reproduced in Fig. 3 . The values calculated using eqn. 2 are superimposed on Fig. 3 . It can be seen that the resistivity values between the two lines are very close at room temperature (20°C) and above. Therefore, the use of eqn. 2 for temperatures above 20°C is justified. However, there is a significant difference between the two lines at extremely low temperatures. The relative error is as much as 125%. As a result, eqn. 2 needs to be modified to account for the difference at extremely low temperatures. This equation is used to replace eqn. 2 in the model. The relative errors between eqn. 3 and the data line [SI of Fig. 3 are very small. This is shown in Table 3 . straight. A linear regression fit of the line is found to give: 
Effects of temperature changes on the core components
In a similar manner, the resistivity of the laminated steel core is dependent on the temperature. In [2], the operating resistivity of the core at temperature 7°C is given as:
where ApC = thermal resistivity coefficient of the core pc 200c = core resistivity at 20°C. The core resistivity at 20°C is 1.8 x 10-7Qm, and Apc = 0.006 x lO-*Qm/"C. Using eqn. 4, at T = -196"C, the corresponding resistivity of the core becomes an unrealistic negative value:
P c --l g 6 0~ = -2.83 X lo-* f h l Therefore, eqn. 4 cannot be used when estimating the core resistivity at low temperatures. For the core material in the sample transformers, the exact composition of the steel material is unknown. Hence, the exact resistivity of the core material at -196°C could not be determined. Instead, the core resistivity at -196°C was estimated by trial and error. It was achieved by setting the resistivity of one transformer to a value such that the desired performance was obtained. It was found to be 4.5 x lkXQm. The same resistivity value was then applied to the other two transformers. Similar performances were also observed. Hence, the resistivity of the core at -196°C becomes:
pc--1960c = 4.5 x IO-* Om In addition, the skin depth of the steel core is also affected by the change in the resistivity of the core with temperature. The skin depth is defined as [9] :
J,x:lw
where po = permeability of free space = 4z x prc = relative permeability of the core Hm-' w =2$ At a power frequency of 50Hz and under an ambient temperature of 20"C, the skin depth of the laminated steel core is calculated to be 0.68 111111. It is signlficantly greater than half the lamination thickness, 4 2 = 0.25mm. Therefore, the magnetic flux can be considered to be uniformly distributed throughout the lamination and indeed the entire core cross section. This will also be true for normal operating temperatures which are higher than ambient.
However, at a temperature of -196"C, the calculated skin depth significantly drops to 0.23".
The distribution of flux withm the laminated core is no longer uniform. The flux will have a tendency to concentrate towards the outside surfaces of the laminations. Hence, immersing the transformers in liquid nitrogen causes the skin depth in the laminations of the transformer cores to decrease below half the lamination thickness, and this affects the core loss components, as detailed in the subsequent two Sections.
Eddy current loss
The total core loss consists of eddy current and hysteresis losses. They can each be represented by an equivalent shunt resistance. In the reverse design model, the eddy current resistance Re, is calculated using [lo]:
where cl = lamination thickness N I = number of primary turns A, = cross-sectional area of the core 1, = length of the core Eqn. 6 assumes that the skin depth is significantly greater than half the lamination thickness. However, when the skin depth drops to below half the lamination thickness, the effective cross-sectional area of the core is reduced, the flux distribution and hence the eddy current flow can no longer be considered uniform. Therefore eqn. 6 must be modified when the skin depth is less than cl/2.
To provide a more realistic calculation of the eddy current losses, consideration is given to a transformer core, with n laminations, as depicted in Figs. 4 and 5. In Fig. 4 , eddy current flows in each lamination, the direction of the flow being opposite to that of the current in the excitation winding due to Lenz's law. Fig. 5 shows an enlarged section of one of the laminations. When the skin depth is less than 4 2 , the effective eddy current path length is calculated as: The total power for n laminations is:
The equivalent eddy current resistance of the core, referred to the primary, is thus:
The hysteresis loss
The hysteresis loss resistance of a partial core transformer can be calculated using [3] :
Rh 2 p h p c where el = induced primary winding voltage Phpc = partial core hysteresis power loss Phpc is defined as where v, = volume of the core x. = density of the core ahpc = partial core factor khpc = partial core hysteresis loss constant x = Steinmetz's factor, whose value ranges between 1.8 to 2.5 [7] .
The flux density B, is calculated as:
where VI = input voltage. Since the effective cross-sectional area of the core is also affected by the skin depth, the area A, in eqn. 15 in which the flux flows is replaced by a new effective area: 3 Testing the model A comparison was again made between the modified calculated and experimental results. This is presented in Table 4. The new calculated R, components determined from the open circuit tests are much closer to the experimental values than those of Table 2 . Therefore, the new formulations are justified. However, the calculated values of the winding resistance Rwhd are sigmfkantly different to the experimental values, and worse than the calculated values of Table 2 . When performing the shortcircuit tests, the power dissipated as heat could be observed with the transformers constantly 'boiling' in the liquid nitrogen, generating gas bubbles. Therefore, even though the ambient temperature surrounding the transformers was approximately -196"C, the transformer windings actually operated at a relatively higher temperature. Due to the limitations of the test instruments, measuring the actual transformers' temperatures was not possible.
Using the model, the actual operating temperature of one of the transformers was predicted in order to match the experimental result. It was found to be approximately -170"C, an increase of 26°C. The same temperature was then applied to the other two transformers to calculate their performance. Another comparison was made between the calculated and the experimental results. This is shown in Table 5 .
The calculated results can be seen to agree reasonably well with the experimental results for all three transformers. Table 6 Transformer 4 design data They are very similar to the values listed in Table 2 calculated using the original model, but at an operating temperature of -196°C. Therefore, it is justified to set the operating temperature of the transformer windings 
Verification of the model
Having modified the resistance parameters in the reverse design model as described, and determined the actual operating temperature of the windings in three transformers, the effectiveness of the reverse approach under different operating temperatures can be examined. Another transformer, transformer 4, was designed and built. It was also designed for high load current applications. Its physical and electrical specifications for normal operating temperatures as well as constants of the core material are listed in Table 6 . The equivalent circuit parameters, referred to the primary, and calculated for different operating temperatures using the new derivations, are presented in Table 7 .
The measured values, as determined by the corresponding standard open circuit and shortcircuit tests, are also shown.
It can be seen that the results obtained from both the model and the tests agree well with each other. Transformer 4 was then operated at rated conditions to compare calculated and measured values. The results are given in Table 8 .
The closeness of the calculated and measured results for the transformer in Table 8 , both at normal and liquid nitrogen temperatures, further emphasises the formulations derived in the paper, and the effectiveness and flexibility of the reverse design method. 
